Abstract We examined 136 patients with mitochondrial DNA (mtDNA) deletion. Clinical diagnoses included chronic progressive external ophthalmoplegia (94 patients); Kearns-Sayre syndrome (KSS; 33 patients); Pearson's marrow-pancreas syndrome (six patients); and Leigh syndrome, Reye-like syndrome, and mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (one patient). The length and location of deletion were highly variable. Only one patient had deletion within the so-called shorter arc between the two origins of mtDNA replication. The length of deletion and the number of deleted transfer ribonucleic acid (tRNAs) showed a significant relationship with age at onset. Furthermore, KSS patients had longer and larger numbers of deleted tRNAs, which could be risk factors for the systemic involvement of single mtDNA deletion diseases. We found 81 patterns of deletion. Direct repeats of 4 bp or longer flanking the breakpoints were found in 96 patients (70.5%) and those of 10 bp or longer in 49 patients (36.0%). We found two other common deletions besides the most common deletion (34 patients: 25.0%): the 2,310-bp deletion from nt 12113 to nt 14421 (11 patients: 8.0%) and the 7,664-bp deletion from nt 6330 to nt 13993 (ten patients: 7.3%). These deletions had incomplete direct repeats longer than 13 bp with one base mismatch.
Introduction
Mitochondria are organelles found in every cell except in mature erythrocytes, and they function as an energy-converting factory. Mitochondrial dysfunction causes organ damage producing various clinical symptoms due to energy crisis in a cell. Nuclear gene and mitochondrial DNA (mtDNA) mutations are thought to be related to mitochondrial disease. MtDNA mutations are classified to depletion, deletion/duplication, and point mutations.
Deletions of the mtDNA were the first mutations reported in association with human disease (Holt et al. 1988) . Some patients have duplications of mtDNA as well as deletions (Poulton et al. 1989 ). Subsequently, multiple mtDNA deletions have been described in familial cases Servidei et al. 1991) , and nuclear gene defects predisposing to multiple deletions have been documented (Nishino et al. 1999; Kaukonen et al. 2000; Van Goethem et al. 2001; Spelbrink et al. 2001) .
Single large-scale deletions of mtDNA are typically associated with chronic progressive external ophthalmoplegia (CPEO), Kearns-Sayre syndrome (KSS), and Pearson's marrow-pancreas syndrome (PS) (Holt et al. 1988; Zeviani et al. 1988; Rötig et al. 1989; Campos et al. 2000; Akman et al. 2004) . Deletions exist in a heteroplasmic fashion, and the proportion of heteroplasmy is variable among cells and organs. Although a common 4,977-bp deletion is present ), there appears to be many other deletions differing in length and position. Frequently, sequences at the breakpoints revealed the presence of direct repeats, suggesting the mechanism of deletion as slipped mispairing or homologous recombination (Shoffner et al. 1989; Mita et al. 1990) .
In this study, we examined 136 Japanese patients with single large-scale mtDNA deletions for the clinical phenotypes and genomic characteristics of deletion, including the precise junction sequences to delineate genotype-phenotype correlation. Furthermore, we provided fundamental clinical information of the single large-scale mtDNA deletion disorder.
Patients and methods

Patients
Between 1987 and 2005, we examined 136 patients who had single large-scale deletions in the mtDNA obtained from the skeletal muscle or peripheral blood. Among 136 DNA samples, eight (six PS and two CPEO) were blood and the remaining 128 samples were all skeletal muscle. The result of muscle DNA was exclusively utilized to assess the relationship between the heteroplasmy and the age at onset. All patients gave informed consent before muscle biopsy or mtDNA analysis was performed. Clinical data, including clinical manifestations and laboratory findings, were obtained from the attending physicians at the time of muscle biopsy or mtDNA analysis. Some of the patients were previously described (Goto et al. 1990a, b; Nakai et al. 1994; Mori et al. 1991) .
Detection of mtDNA deletions by Southern blot analysis, long polymerase chain reaction, and sequence determination of breakpoints DNA samples from muscle biopsies were prepared by the method described previously (Goto et al. 1990a ) and those from peripheral blood by the method of Miller et al. (1988) . Southern blot analysis was performed according to the method described previously (Goto et al. 1990a) . The proportion of the deleted mtDNA was measured by densitometrical analysis. Long polymerase chain reaction (PCR) amplification and junction sequence determination at breakpoints were performed as described previously (Goto et al. 1996) .
Statistical analysis
To compare the quantitative parameters between two groups, we used the Mann-Whitney U test. A P value \0.05 was considered significant. We considered results of correlation coefficient as follows: between the range of ±0 and ±0.2 as no correlation, ±0.2 and ±0.4 as weak correlation, ±0.4 and ±0.7 as moderate correlation, and ±0.7 and ±1.0 as significant correlation.
Results
Clinical diagnosis
Sixty male and 76 female patients were included in the study. No family history was identified except in two patients who derived from the same family (Ozawa et al. 1988) . Clinical diagnoses included CPEO in 94 patients (69%), KSS in 33 (24%), PS in six(4%), and others in three (2%). We adopted the criteria of KSS proposed by Rowland (1983) . All KSS patients had ophthalmoplegia, pigmentary retinopathy, onset before age 20, and one of the following: complete heart conduction block, high cerebrospinal fluid protein content, and cerebellar symptoms. Diagnosis of PS was made based on the presence or absence of anemia and/or vacuoles in erythroblasts or other hematologic cell lineages and pancreatic dysfunction. Major manifestations and selected laboratory findings of each clinical diagnosis are summarized in Table 1 .
Clinical manifestations and laboratory findings
The incidence of major clinical manifestations and laboratory findings are summarized in Table 1 . Ptosis/PEO was collectively found in 94% of patients, muscle weakness in 87%, retinopathy in 34%, heart conduction block in 24%, deafness in 30%, and short stature in 26%. Major laboratory findings, including high CK, high lactate levels in serum and cerebrospinal fluid (CSF), and increased CSF protein content, were detected in more than one third to almost one half of patients. Compared with CPEO, KSS had a high frequency of retinopathy, heart conduction block, and increased CSF protein content because of Rowland's criteria. However, it was notable that deafness (64%) and short stature (70%) were frequently observed in KSS, and insulin-dependent diabetes mellitus (IDDM) (15%) and deToni-Fanconi-Debré syndrome (12%) were sometimes prominent complications in KSS. Because we encountered only six PS patients, it was difficult to compare the incidence of major symptoms and laboratory findings with other phenotypes.
Age at onset and initial symptoms
Age at onset ranged from birth to 65 (19.8 ± 13.9) years. Figure 1 shows the distribution of age at onset in CPEO, KSS, PS, and other diseases. In 88 patients (65%), disease onset was before the age of 20 years.
Of the 94 CPEO patients, all were older than 6 years. As for their initial symptoms, 88 patients (94%) showed PEO, five patients showed muscle weakness, and only one patient showed deafness. Although the age at onset in the 33 KSS patients was from 1 to 19 years based on Rowland's criteria, 22 (67%) had ptosis or PEO or muscle weakness. The initial findings of the patients whose age at onset was younger than 5 years were short stature and IDDM but not ptosis or PEO. One patient whose initial finding was short stature exhibited rare renal tubular dysfunction mimicking Bartter syndrome and subsequently typical ptosis and PEO (Goto et al. 1990b) . All six PS patients were younger than 2 years and did not have PEO at the time of diagnosis.
Three patients with atypical phenotype
Three patients showed the following atypical and severe clinical phenotypes: mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes (MELAS), Leigh syndrome, and Reye-like syndrome.
The first patient was a 4-year-old boy. He experienced status epilepticus and syndrome of inappropriate secretion of antidiuretic hormone (SIADH) accompanied by abdominal pain and vomiting when he was 2 years old. Thereafter, he periodically had abdominal pain and vomiting once or twice a year. At 4 years and 10 months of age, he showed a stroke-like episode with disturbance of consciousness, convulsions, and severe metabolic acidosis. Cranial computed tomography showed a low-density area in the occipital lobes. The lactate level in serum was slightly increased (16.5 mg/dl: normal \15) and that in CSF was significantly increased (41.7 mg/dl). Muscle biopsy showed some ragged-red fibers but not strongly succinate-dehydrogenase -reactive blood vessels (SSVs). On cytochrome c oxidase (COX) staining, scattered fibers with no enzyme activity were observed, suggesting focal COX deficiency. Based on these findings, we considered that MELAS was the most likely diagnosis, as neither 3243 nor 3271 mutation, which is frequently detected in MELAS patients, was found in this case. The second patient was a 2-year-old boy. During the perinatal period, he developed pancytopenia that required treatment. His psychomotor development was within the normal range, but he showed a sudden seizure with unconsciousness and motor disturbance followed by viral gastroenteritis. Cranial magnetic resonance imaging (MRI) showed T1 low intensity and T2 high intensity in the thalamus and basal ganglia. Serum and CSF lactate levels were significantly increased (32 and 43 mg/dl, respectively). Muscle biopsy showed no typical ragged-red fibers. On COX staining, the enzyme activity was mildly and diffusely decreased. We considered that Leigh syndrome was the most likely diagnosis for this patient.
The third patient was a 1.5-year-old boy. After an episode of vomiting and diarrhea probably due to gastroenteritis, he developed abrupt systemic edema following continuous tonic and clonic seizures. Laboratory findings showed hypoproteinemia, hypoglycemia, severe ketoacidosis with high lactate level, and liver dysfunction. MRI and organic acid and amino acid analyses showed no apparent abnormality. Liver biopsy showed small vacuoles in hepatocytes, suggesting steatosis. Muscle biopsy showed a few ragged-red fibers, and no SSVs were detected. On COX staining, fibers with no enzyme activity were occasionally observed. The patient was diagnosed as having Reye-like syndrome because he lacked specific symptoms or laboratory findings suggestive of CPEO, KSS, and PS.
Because all three patients were younger than 4 years old at the time of examination, we could not exclude the possibility that they might show other symptoms or laboratory findings indicative of CPEO, KSS, and PS in the future.
Length and location of deletion
The length and location of deletion were highly variable. The length of deletion in 135 patients ranged from 1.1 to 9.6 kilobases (kb) (5.1 ± 1.6 kb on average). The breakpoints of the left borders were located from nt 5834 to nt 13911 and those of the right borders from nt 9519 to nt 16123, which distributed throughout the entire longer arc of mtDNA (Fig. 2 ). Only one patient had deletion within the so-called shorter arc between the two origins of mtDNA replication (nucleotide numbers 191-5730). The deletion was from nt 548 to nt 4442, including one proteincoding subunit (ND1), five complete and one incomplete transfer ribonucleic acid (tRNA) regions, and a part of the control region. The similar deletion had already been reported (Hammans et al. 1992) .
We noted that the short deletions or deletions encompassing only complex I (ND) subunits might be more frequent in CPEO than in KSS (Fig. 2) . To confirm this finding, we examined all patients except atypical cases (PS, MELAS, Leigh syndrome, Reye-like syndrome, and CPEO patients who have deletion at the shorter arc) regarding the relationship between age at onset and the following:
Length of deletion
We first examined the relationship between the length of deletion and the age at onset. The result suggests a moderate correlation (correlation coefficient r = -0.51; Fig. 3 ). Furthermore, we compared the length of deletion between CPEO and KSS patients. KSS patients seemed to have significantly longer deletion than CPEO patients (P = 0.005 \ 0.01).
Number of deleted tRNAs
Although the number of deleted tRNAs might be associated with the length of deletion, we examined the relationship between the number of deleted tRNAs and the age at onset. The result suggests a moderate correlation (correlation coefficient r = -0.48; Fig. 4) . Furthermore, we compared the number of deleted tRNAs and the age at onset between CPEO and KSS patients. KSS patients seemed to have significantly Fig. 2 Localization of 135 deletions. ND complex I subunit, CO complex IV subunit, ATP adenosine triphosphate synthase subunit, MELAS mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes, = patients with deletion encompassing only ND or ND plus cytochrome b (CYB) subunits more deleted tRNAs than CPEO patients (P = 0.008 \ 0.01).
Location of deletion
The deletion sometimes included only ND subunits or ND plus cytochrome b (CYB) subunits, sparing COX and adenosine triphosphate (ATP) synthase subunits (Fig. 2) . To determine the relationship between the location of deletion and the age at onset, we divided the patients to group 1 (with deletion encompassing only ND or ND plus CYB subunits) and group 2 (with deletion encompassing at least one COX or ATP subunit). Group 1 consisted of 27% of the patients, whereas group 2 consisted of 73% of patients. The age at onset between groups 1 and 2 showed a statistical significance (P \ 0.0001).
Proportion of deleted mtDNA
To assess whether heteroplasmy might play a role in phenotypic manifestation, we determined the proportion of deleted mtDNA in skeletal muscle samples from 128 patients on Southern blot analysis. It ranged from 18% to 90% (52.2 ± 16.8%), but only a slight correlation between heteroplasmy and age at onset (correlation coefficient r = -0.21; Fig. 5 ) was evident. To exclude the effects of the differences in length and position as much as possible, we compared patients having the same deletion, or the socalled common 4,977-bp deletion. There were no correlations among age at onset, clinical diagnosis, clinical manifestation, and heteroplasmy (Table 2) .
Sequences of deletion breakpoints
In this study, we found 81 patterns of mtDNA deletion. Direct repeats of 4 bp or longer flanking the breakpoints were found in 96 patients (70.5%), and those of 10 bp or longer were found in 49 patients (36.0%) ( Table 3) . It is well known that the common deletion is flanked by 13-bp direct repeats Mita et al. 1990 ). We also found two other common deletions in addition to the most common deletion (34 patients, 25.0%), namely, the 2,310-bp deletion from nt 12113 to nt 14421 (11 patients, 8.0%) and the 7,664-bp deletion from nt 6330 to nt 13993 (ten patients, 7.3%). These additional common deletions had incomplete direct repeats longer than 13 bp with one base mismatch (Fig. 6) . Note that the 2,310-bp common deletion was only detected in female patients in this study. Two previous studies describing this deletion provided no information about patient gender (Mita et al. 1990; Deugol et al. 1991 ).
Discussion
We examined 136 patients with single large-scale deletions in terms of their clinical phenotypes, genomic features, and their relationships. All but three patients were clinically diagnosed as having CPEO, KSS, and PS, which are widely known to be associated with mtDNA deletions. Chronologically, PS is recognized and diagnosed in infants or very young children, and the most prominent clinical feature of this syndrome is anemia. However, this anemic condition usually disappears by 1 year. There are several reports that PS patients later develop the KSS phenotype (Larsson et al. 1990; McShane et al. 1991; Akman et al. 2004) . As for KSS, six out of the eight patients whose age at onset was younger than 5 years and 9 out of all 33 patients were recognized to have short stature as an initial finding. In these patients, ptosis/PEO appeared after a few years from the time when they were given medical attention by pediatricians. Thus, the possibility of mtDNA deletion disorder in such cases without a previous history of anemia must be considered. We hypothesized that size and location of mtDNA deletion are associated with clinical features. In our previous study, evidence supporting this hypothesis was exiguous because of the small number of patients (Goto 
Percent del percent of deleted mitochondrial DNA (mtDNA), CPEO chronic progressive external ophthalmoplegia, KSS Keans-Sayre syndrome, Leigh Leigh syndrome, Pearson Pearson's marrow pancreatic syndrome, s initial symptom, + presence of manifestation, -absence of manifestation, U unknown, IDDM insulin-dependent diabetes mellitus J Hum Genet (2008) 53:598-606 603 et al. 1990a). Aure et al. (2007) divided 69 patients with mtDNA deletion to two groups according to the presence or absence of brain manifestations such as cerebellar ataxia, movement disorder, pyramidal syndrome, or dementia. They found no difference in the size and location of deletion in these two groups. In the study reported here, patients with longer deletions, in which more tRNAs were included, had earlier disease onset. Furthermore, KSS patients had longer deletion and larger number of tRNAs than CPEO patients. Taking age into account, it seems probable to assume that in patients with longer deletion, more deleted tRNAs induce the development of the KSS phenotype or enhance multisystemic involvement. We also found the patients with the deletion, including COX or ATPase subunits, showed earlier onset than those patients with the deletion limited to the region of ND and/or CYB subunits. It may support the relationship between the quality of the deletion and disease severity. The quality of deletion is not a sole determinant of disease severity. Because patients who had deletion at the common deletion site showed various clinical symptoms (Table 2) , we thought that systemic distribution and heteroplasmy (or quantity) of deletion may also be major factors causing clinical variety. The difference between KSS and CPEO is believed to be the extent of tissue or organ involvement. Although KSS is a systemic disorder and CPEO is a muscle-specific disease, these definitions are not strict. Based on Rowland's criteria of KSS, patients have muscular symptoms (ptosis, PEO, muscle weakness), retinopathy, cardiac conduction defects, and central nervous system symptoms or signs (cerebellar signs, high CSF protein concentration due to white-matter degeneration). Because our study showed that short stature and deafness were highly prevalent and IDDM and deToni-FanconiDebré syndrome were sometimes prominent manifestations of KSS, these manifestations should be added to the minor items for KSS diagnosis. All CPEO patients except one had ptosis/PEO as initial symptom. Because a substantial proportion of these patients, especially those younger than 20 years, had nonmuscular symptoms, careful assessment of systemic involvement is required in evaluating CPEO patients.
Deletions are usually heteroplasmic, and the proportion varies in each case Goto et al. 1990b) and each tissue (Marzuki et al. 1997) . The previous reports and this study showed that there is no correlation between the proportion of deleted mtDNA in skeletal muscle and the age at onset. Aure et al. (2007) reported that the presence and proportion of mtDNA deletion in blood but not in skeletal muscle showed a relationship with severe prognosis in terms of rate of progression, tissular extension, and rate of survival. Because a muscle specimen was not available, we could only examine several blood samples, which were not sufficient for statistic analysis. On the other hand, the distribution of deleted mtDNA at cellular, tissue, and organ levels could not be detect by the method used. The cells with high deletion content might be lost more easily than those with low content (Hayashi et al. 1991) . Regarding the relationship between the proportion of deleted mtDNA and clinical severity, the status at examination could be ''the area swept by the flames'' after loss of cells with high deletion content. It suggests that the remaining cells had a relatively low proportion of deletion despite the severe cell loss, which may directly induce organ symptoms such as muscle weakness. Overall, it is important to understand the mechanism of how deleted mtDNA molecules spread to the whole body or how they are limited to specific cells or tissues. Many factors may be involved in this phenomenon, such as control of replication machinery, presence of duplication, and so on.
Although slip replication (Shoffner et al. 1989 ) and homologous recombination have been suggested (Deugol et al. 1991) , the genomic mechanism of this deletion event Fig. 6 Sequences at the breakpoints of three major common deletions. Direct repeats are surrounded by square, with a nucleotide number based on the standard sequence is still unknown. Direct repeats flanking breakpoints have been frequently reported. In our study, 70% of patients had 4-bp or longer direct repeats as those of previous reports (Mita et al. 1990 ). We emphasize that we detected two additional common deletions besides the most common deletion with 13-bp direct repeats at breakpoints . These new common deletions also had 13 (10 + 3) and 16 (5 + 11) bp incomplete direct repeats with a mismatch, suggesting that long direct repeats are closely associated with the deletion mechanism. Only several deletions were found between the origin of heavy-chain replication and that of light-chain replication (from nt 191 to nt 5730), which was called a shorter arc (Moraes et al. 1991; Katayama et al. 1991; Johns and Cornblath 1991; Hammans et al. 1992; Horton et al. 1996; Vu et al. 2000) . In our study, there was only one patient with deletion in the shorter arc. Because the same deletion was reported in two studies with three cases, this site might be a hot spot for deletion at the shorter arc. The presence of 13-bp complete direct repeats at these deletion breakpoints further suggests the importance of the length of direct repeats.
In conclusion, our data indicate that initial symptoms other than ptosis/PEO, deletion length, number of deleted tRNAs, and age at onset could be risk factors for systemic involvement of single mtDNA deletion diseases. Deletion of mtDNA has been detected in various neurodegenerative diseases such as Parkinson's disease and Alzheimer's disease (Bender et al. 2006; Kraysberg et al. 2006; Shapira 2006) . Further understanding of the mechanism of deletion and its biological importance can lead to the development of a new treatment modality for a particular disease.
